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ABSTRACT 
 
POPULATION GENETICS OF BORRELIA BURGDORFERI IN THE EASTERN AND 
MIDWESTERN UNITED STATES  
Stephanie N Seifert 
Dustin Brisson 
Changes in climate and land-use are influencing the spatial distributions and population 
structure of species throughout the world.  Among those species predicted to be affected 
by changes in climate and land-use are the hosts and vectors of many zoonotic 
pathogens, including the hosts and vectors of the Lyme borreliosis pathogen, Borrelia 
burgdorferi. In this study, we investigate the population structure of B. burgdorferi at the 
interface of two expanding vector populations using a population genetic and 
phylogeographic approach.  We then examine the influence of recombination between 
major B. burgdorferi lineages on the population structure of B. burgdorferi within and 
between geographic regions.  We found that B. burgdorferi lineages were 
heterogeneously distributed between the Northeast and Southeast United States, 
suggesting that gene flow between geographic regions is limited for some lineages while 
other lineages showed evidence of long distance dispersal.  We identified at least two 
clonal B. burgdorferi lineages present in both competent vector species found in 
southern Virginia, suggesting that vector species is not a barrier to dispersal between 
regions. Population genetic and phylogeographic analyses of B. burgdorferi reveal a 
complicated pattern of population structure within and between geographic regions.  
Population genomic analyses show recombination between lineages despite evidence of 
strong linkage disequilibrium and a lack of genetic variation within B. burgdorferi 
lineages, suggesting a small effective population size. 
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CHAPTER 1: A GENERAL INTRODUCTION 
1.1  The importance of population structure in microbial communities 
 
Evolutionary forces including mutation, natural selection, genetic drift, gene flow, and 
recombination shape the diversity of species and leave a detectable molecular signature 
on populations.  Evolutionary forces play out on populations which are distributed in 
geographic space and time.  Thus, population structure is often described in the context 
of biogeography.  
The study of microbial biogeography has largely centered around the Baas-Becking 
hypothesis which suggests that microbial species experience boundless dispersal and 
environmental or ecological conditions shape the distribution of microbial species so that 
“everything is everywhere, but the environment selects” (Finlay and Clark 1999).  
Nevertheless, dispersal in host-associated microbes is limited by the biogeography of 
their hosts (Smith et al. 2007, Martiny et al. 2006, O’Malley 2008) leading to the 
emergence of population structure and geographic endemism (O’Malley 2008).   
Human migration and globalization has led to the spread and subsequent 
establishment of many human-associated pathogens with previously limited geographic 
distributions including West Nile virus (Spielman et al. 2004), Mycobacterium 
tuberculosis (Comas et al. 2013), and Helicobacter pylori (Linz et al. 2007).  
Consequently, efforts to elucidate the factors contributing to the population structure of 
pathogenic microbes have been increasing.   
With rapid generation times and large populations, microbes are thought to have 
high evolutionary potential and high genetic diversity.  In contrast, many highly 
pathogenic microbes have very low genetic diversity and relatively small effective 
population sizes (Achtman 2008). There are several models of microbial evolution which 
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could give rise to small effective population sizes including A) differentiation of 
populations by ecotype (e.g. host or vector) followed by periodic selection, B) 
metapopulation dynamics in which isolated patches (e.g. host or vector) are randomly 
colonized by a subpopulation with occasional patch turnover, C) genetic drift alone, or D) 
predator prey dynamics in which the bacterial population experiences regular oscillations 
in population size (Fraser et al. 2009).   
Pathogen systems are typically better sampled than other microbial systems, which 
makes them an excellent choice for testing ecological and evolutionary hypotheses.  For 
example, influenza viruses are frequently discussed in terms of antigenic shifts in which 
novel viral subtypes are generated through recombination of gene segments from two or 
more viral strains; however, individual influenza lineages undergo antigenic drift, in 
which a single strain accumulates mutations through time without recombination (Earn et 
al. 2002).  Thorough sampling of individual influenza strains revealed a low effective 
population size (Rambaut et al. 2008). The authors found that seasonal influenza 
outbreaks in the temperate zone follow a cycle of increasing diversity through the “flu 
season” followed by a genome wide selective sweep each spring, resulting in low 
genetic diversity relative to similar viruses which infect fewer people (Rambaut et al. 
2008).  Recombination (or reassortment) of genetic segments would then rapidly add 
genetic variation to the genome.  
In bacteria, recombination involves the non-vertical transfer and incorporation of 
genetic material between a donor and recipient and is considered an important driver of 
bacterial evolution (Polz et al. 2013, Gyles & Boerlin 2014).  Recombination can disrupt 
linkage groups by moving gene fragments between different genetic backgrounds, 
nullifying the effects of clonal interference (Vos 2009).  Recombination facilitates both 
the accumulation of beneficial mutations in a single genetic background and the purging 
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of deleterious mutations (Vos 2009).  Thus, recombination increases the effective 
strength of natural selection and allows for rapid adaptation in bacterial populations 
(Wiedenbeck & Cohan 2011).   
The rate of recombination can vary between closely related bacteria (Didelot & 
Maiden 2010) and in a single bacterial lineage through time (Holt et al. 2008).  It is 
unclear whether the observed rate of recombination in bacterial populations is reflective 
of the true frequency of recombination events or the strength of selection for 
advantageous alleles (Didelot & Maiden 2010).  The low observed rate of recombination 
in many bacterial pathogens may be consequence of stabilizing selection that is purging 
deleterious alleles acquired through recombination or a true lack of recombination 
events (Achtman 2008, Achtman 2012, Haven et al. 2011, Casjens et al. 2012). 
 1.2 Population genetics and phylogeography 
 
The ecological and evolutionary history of a species leaves an imprint on the genetic 
structure of populations.  In the presence of strong selection and local adaptation, 
genetic exchange should be highest between similar environments resulting in a pattern 
of genetic isolation by environment (Cooke et al. 2012).  In terms of pathogen 
populations, the environment can be thought of as different host or vector species.  If 
gene flow is reduced between different host types, then host specialization may be 
favored, resulting in genetic structure between host types.  Alternatively, persisting gene 
flow between host environments and recombination could constrain host adaptation 
resulting in a panmixing population (Cooke et al. 2012).  In addition, a similar process 
can be found when geographical regions are considered, as restricted gene flow among 
geographic areas allows genetic drift to differentiate populations with increasing 
geographic distance, in a process known as isolation by distance or IBD (Wright 1943).  
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Phylogeography is the study of the evolutionary and ecological processes that are 
responsible for current species distributions (Avise et al. 1987).  The integration of the 
principles of population genetics, biogeography, and ecology gives the context in which 
to interpret patterns of present day species distributions.  Phylogeographic analyses 
provide a framework for testing ecological and evolutionary hypotheses for drivers of 
population structure and geographic distributions.   
Using phylogenetic trees coupled with geographic, we can visualize evolutionary 
relationships between individuals in a population and make inferences regarding 
population structure across geographic space.  With improvements in computational 
power and the development of new statistical tools are developed which allow for the 
simultaneous estimation of the phylogeny with associated traits researchers have been 
able to make predictions about the spread of pathogens through space and time (Lemey 
et al. 2014).  However, resolution and accuracy of phylogeographic studies are generally 
improved by increasing the number of samples and informative loci (Benavides et al. 
2014).   
 1.3 Introduction to the Borrelia burgdorferi system 
 
Borrelia burgdorferi is a globally distributed obligate vector-borne bacterial pathogen 
that is transmitted between vertebrate hosts by ticks in the genus Ixodes (Eisen & Lane 
2002).  B. burgdorferi has been identified in dozens of vertebrate species ranging from 
squirrels, shrews, birds, and mice (Barbour and Hayes 1986).  As B. burgdorferi has no 
free-living stage, dispersal is dependent on movement by vertebrate hosts and vectors, 
and the ability for B. burgdorferi to persist in an environment is inexorably linked to 
presence of both suitable hosts and suitable vectors.   
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The Ixodid tick vectors are blood-feeding ectoparasites that undergo four primary 
stages of development: the egg, the larval stage, the nymphal stage, and the adult 
stage.  An ixodid tick requires a host bloodmeal at each life stage, detaching from the 
host between feedings to molt. B. burgdorferi spirochetes are ingested by an Ixodid larva 
while the tick feeds on an infected vertebrate host (Eisen & Lane 2002).  The pathogen 
must then persist in the midgut of the tick through both molting between life stages and 
through the winter diapause (Eisen & Lane 2002).  The pathogen multiplies within the 
midgut of the replete larval tick until the bloodmeal has been digested and then 
experiences a precipitous decline in abundance when the tick molts (Piesman et al. 
1990).  Upon ingestion of the second bloodmeal, the spirochetes begin to multiply in the 
tick midgut and migrate through the hemolymph and enter the salivary glands where the 
spirochetes exit the tick and infect the vertebrate host (de Silva and Fikrig 1995, Anguita 
et al. 2003).    
The B. burgdorferi genome is comprised of a single linear chromosome, containing 
most of the housekeeping genes, and a variable number of circular and linear plasmids 
(Chaconas & Kobryn 2010).  There is little diversity in the size and content of the linear 
chromosome between B. burgdorferi isolates (Schutzer et al. 2011); however, the 
complement and content of the plasmids varies widely between lineages (Casjens et al. 
2012).  The plasmids contain many decaying pseudogenes as well as many paralogs, 
suggesting a history of duplicative rearrangement (Casjens et al. 2000).  Plasmid cp26 
appears to be the only plasmid required for growth in culture, as it encodes a telomere 
resolvase necessary for replication of linear molecules and the host-associated ospC 
locus (Byram et al. 2004).  Additional plasmids are necessary for maintenance in vivo 
and contain genes encoding for host-regulated surface expressed lipoproteins (Samuels 
2011).   
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The outer surface proteins OspC and OspA have been thoroughly studied in B. 
burgdorferi.  The highly polymorphic lipoprotein, OspC, is expressed by B. burgdorferi in 
the tick migut upon encountering a bloodmeal and is then subsequently expressed while 
in the vertebrate host (Gilmore & Piesman 2000).  OspC is one of the first B. burgdorferi 
antigens to be recognized and attacked by the immune system of the vertebrate host 
(Fung et al. 1994), and is one of few loci to undergo horizontal gene transfer in whole or 
in part between B. burgdorferi lineages (Barbour & Travinsky 2010).  The ospC locus in 
B. burgdorferi has a longer coalescence time than expected relative to neutrally evolving 
genes (Wang et al. 1999) and is under balancing selection (Brisson et al. 2004, Haven et 
al. 2011). Importantly, major ospC allele groups vary in their pathology and propensity to 
cause disseminated infections in humans (Dykhuizen et al. 2008).   
The surface expressed protein OspA mediates the interaction between B. burgdorferi 
and the tick midgut (Pal et al. 2000) and ospA is upregulated while in the tick host but 
downregulated in the vertebrate host (Schwan et al. 1995, Schwan & Piesman 2000).  
Multiple studies have reported strong linkage disequilibrium between loci in B burgdorferi 
(Balmelli & Piffaretti 1996, Dykhuizen & Baranton 2001).  However, patterns of linkage 
disequilibrium between loci are inconsistent between geographic regions (Travinsky et 
al. 2010), which may suggest adaptation to geographically distinct hosts and vectors. 
There is evidence that B burgdorferi experiences differential survival between 
competent vectors (Dolan et al. 1997) and that the Borrelia genospecies exhibit varying 
degrees of vector specificity (Piesman & Gern 2004, Wodecka 2011).  A study of B 
burgdorferi across the US found that populations of the pathogen cluster geographically, 
loosely corresponding to the primary vector ranges which could suggest adaptive 
evolution in B. burgdorferi to the vector species or neutral evolution as a result of 
vicariance and genetic drift (Margos et al. 2008, Margos et al. 2012).   
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For this dissertation, we collected samples from the Northeast, Midwest, Virginia, 
and North Carolina in the United States. We gathered additional samples from the NCBI 
dataset which were derived from the Northeast and California in the US and from France 
and Germany in Europe (Fig 1.1). 
          Figure 1.1 Map showing approximate sampling locations for samples sequenced  
                 for this thesis (blue) and samples acquired from the NCBI database (gold). 
 
1.4 Scientific questions and dissertation structure 
 
With changing host and vector distributions and a general increase in reported 
cases of Lyme borreliosis in the United States (Brinkerhoff et al. 2014), elucidating the 
factors contributing to B. burgdorferi population structure is vital for predicting future 
human risk.   
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Though B. burgdorferi is known to be vectored by multiple tick species, there are 
few studies investigating local adaptation to vectors and no studies in which population 
genetic data was analyzed from a region where B. burgdorferi is maintained by two 
competent vector species overlapping in geographic space.  If B. burgdorferi is locally 
adapted to a tick vector at the cost of reduced fitness in other vectors, this could have 
profound implications for limitations to dispersal of B. burgdorferi populations.  In this 
thesis, we investigate the population structure of B. burgdorferi at the interface of two 
expanding vector populations using a population genetic and phylogeographic approach.  
We then examine the influence of recombination between major B. burgdorferi lineages 
on the population structure of B. burgdorferi within and between geographic regions. 
 
Chapter 2: We investigated the distribution of host-associated ospC major allele groups 
(oMGs) between geographic regions and competent vector species.  We then describe 
the phylogeographic relationships and population structure between B. burgdorferi 
isolates in the Northeast, Virginia, and North Carolina.  We found that the distribution of 
oMGs is associated with vector species and geographic regions. The phylogenetic tree 
showed that B. burgdorferi isolates tended to cluster by oMG rather than geographic 
origin, with some evidence of phylogenetic incongruity which may indicate 
recombination.  Our population genetic analyses showed statistically significant 
population structure between and within geographic regions, suggesting that B. 
burgdorferi populations are structured both ecologically (by host-associated oMG) and 
geographically. 
 
Chapter 3:  We investigated the extent of linkage disequilibrium and recombination in B. 
burgdorferi populations within and between geographic regions.  We found that loci are 
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nonrandomly associated (in linkage disequilibrium) throughout B. burgdorferi populations 
in the upper Midwest, Northeast, Virginia, and North Carolina.  We also found evidence 
of limited recombination throughout the genome, though mutation is still more common, 
with relatively higher rates of recombination detected at the ospC locus and the 
dbpA/dpbB loci.  Our study revealed low levels of genetic diversity with lineages, 
suggesting a small effective populations size.  We also report that lineages are not 
always defined by oMG, and we concur with reports that the southern oMG-L strain is 
likely the result of trans-Atlantic dispersal.
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CHAPTER 2: POPULATION GENETICS AND PHYLOGEOGRAPHY OF 
BORRELIA BURGDORFERI BETWEEN THE NORTHEASTERN AND 
SOUTHEASTERN UNITED STATES   
 
2.1 Introduction 
 
Changes in climate and land-use have altered species distributions throughout the 
world.  Climate change is predicted to shift species distributions toward increasing 
latitudes and elevations with increasing average temperatures (Chen et al. 2011).  At 
smaller geographic scales, climate change may lead to expansion or contraction of 
species ranges, changes in phenology, and changes in community interactions (Walther 
et al. 2002).  Changes in land-use patterns can lead to habitat degradation and 
fragmentation, influencing species population structure and community composition 
(Haddad et al. 2015).  Among those species predicted to be affected by climate change 
and changes in land-use are the hosts and vectors of many zoonotic pathogens, 
including the hosts and vectors of the Lyme borreliosis pathogen, Borrelia burgdorferi 
(Ogden et al. 2008, Mills et al. 2010).   
An estimated 300,000 people are diagnosed with Lyme borreliosis in the US 
every year, manifesting in a wide range of symptoms or combinations of symptoms 
including erythema migrans rashes, Bells palsy, and arthritis (CDC 2015).  B. burgdorferi 
is an obligate vector-borne pathogen, transmitted between vertebrate hosts by ticks in 
the genus Ixodes.  B. burgdorferi has been found in a broad range of host species 
comprised of vertebrates from highly divergent taxonomic groups including songbirds, 
field mice, squirrels, and shrews (Barbour and Hayes 1986).   
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In the US, human Lyme borreliosis incidence is highest in the Northeast and 
upper Midwest where transmission is maintained by the tick, Ixodes scapularis (CDC 
2015).  The geographic distribution of Ix. scapularis extends from southern Canada to 
Florida (CDC 2016).  A cryptic zoonotic B. burgdorferi transmission cycle is maintained 
in the southeastern US by the tick, Ixodes affinis, which has an infection prevalence in 
the southeast that is comparable to the infection prevalence of Ix. scapularis in the 
Northeast and Midwest (Maggi et al. 2010, Rudenko et al. 2013).  While Ix. affinis is not 
believed to frequently parasitize humans, these ticks can amplify and maintain a 
zoonotic cycle of B. burgdorferi transmission which may then enter the Ix. scapularis 
population (Oliver 1996).  Reports of a recent northern expansion of Ix. affinis into 
southern Virginia have generated renewed interest in studying the southeastern 
population of B. burgdorferi (Maggi et al. 2010, Rudenko et al. 2013).  Very little is 
known about the southeastern B. burgdorferi population and its relationship to its 
southern vector, Ix. affinis.   
Despite overlapping with Ix. affinis in the southeast, the B. burgdorferi infection 
prevalence in Ix. scapularis is low (0-4%) in the southeastern US relative to the infection 
prevalence in northern populations of Ix. scapularis (20-80%) (Courtney et al. 2003, 
Maggi et al. 2010, Clark 2004, Rudenko et al. 2013, Brisson personal communication).  
Population genetic studies suggest that Ix. scapularis is expanding southward in Virginia 
from the northern population (Kelly et al. 2014), corresponding to an increase in B. 
burgdorferi prevalence in Ix. scapularis and in humans in Virginia (Brinkerhoff et al 
2014).   
A study of B. burgdorferi across the northern and western US found that 
populations of the pathogen cluster geographically, with barriers to gene flow between 
the pacific coast and Midwest, and the Midwest and Northeast (Margos et al. 2012).  
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However, Humphrey et al. (2010) found that only a subset of B. burgdorferi haplotypes 
experienced a barrier to gene flow between the Midwest and Northeast.  A recent 
multiple locus sequence typing (MLST) study from several locations in Canada identified 
multiple clonal complexes of B. burgdorferi distributed across a broad geographic region, 
suggesting population structure is defined ecologically rather than geographically 
(Mechai et al. 2015).  Qiu et al. (2008) found population structure within geographic 
regions associated with an outer surface protein, OspC.  
The B. burgdorferi lipoprotein OspC is required for early dissemination in the host 
(Tilly et al. 2006) and is among of the first antigens targeted by the host immune system 
during infection (Fung et al. 1994). OspC is expressed on the surface of B. burgdorferi in 
the tick midgut when the tick begins to engorge on host blood and is subsequently 
expressed during the early stages of infection in the vertebrate host (Gilmore & Piesman 
2000, Schwan and Piesman 2000).  The ospC locus in B. burgdorferi has a long 
coalescence time relative to neutrally evolving genes (Wang et al. 1999) suggesting that 
the locus is under balancing selection (Brisson and Dykhuizen 2004).   
Genetic diversity at the ospC locus is partitioned into major allele groups (oMGs) 
which are classified by differences in the nucleotide sequence of >8% between oMGs 
and less than 2% within an oMG (Wang et al 1999).  There are at least 28 unique oMGs 
identified with varied geographic distributions throughout North America and Europe.  B. 
burgdorferi oMGs are not randomly distributed among different vertebrate host species 
in the environment, and each host species is susceptible to only a subset of oMGs 
(Brisson and Dykhuizen 2004).  The pattern of oMG-associated host specialization is 
also reflected in human B. burgdorferi infections.  Seinost et al. found that only eight of 
the eleven oMGs isolated from questing ticks in New York state were regularly 
recovered from human skin lesions, and only four of those oMGs were regularly 
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recovered in disseminated infections (1999, Figure 2.1).  Subsequent studies have found 
an additional five oMG types frequently identified in human disseminated infections 
(Earnhart et al. 2005, Dykhuizen et al. 2008).  Characterizing the distribution of oMGs in 
an environment is not only important in understanding the general ecology of B. 
burgdorferi, but also in interpreting human risk.   
Previous studies have employed MLST to investigate population genetic 
structure in B. burgdorferi, however, a lack of genetic variation in the pathogen 
population has hindered the resolution of population genetic studies based on MLST 
(Margos et al. 2012, Qiu and Martin 2014, Seifert et al. 2015).  Population genomics 
studies would be an ideal solution; however, culturing B. burgdorferi from ticks is 
challenging and may lead to culture bias (Liveris et al. 1999).  We designed a novel 
long-range polymerase chain reaction (PCR) technique to amplify the conserved B. 
burgdorferi plasmids cp26 and lp54.  The plasmid cp26 is the only plasmid required for 
growth in culture, and it encodes both ospC and a telomere resolvase necessary for 
replication of linear DNA molecules including the chromosome (Byram et al. 2004).  
Several studies have reported linkage disequilibrium between the ospC locus and 
chromosomal loci (Qiu et al. 2002, Bunikis et al. 2004, Barbour and Travinsky 2010).  
The plasmid lp54 is required to maintain the zoonotic transmission cycle and it encodes 
for 16 host regulated open reading frames including those coding for the surface 
expressed proteins OspA and OspB which are required for colonization of the tick 
midgut (Pal et al. 2000, Brooks et al. 2003, Yang et al. 2004).  The expression of ospA 
and ospB is upregulated while in the tick host and downregulated while in the vertebrate 
host (Schwan et al. 1995, Schwan & Piesman 2000). Both cp26 and lp54 were found to 
be informative in a population genomic study of B. burgdorferi in France (Jacquot et al. 
2014).  
14 
 
In this study, we investigated the distribution of B. burgdorferi oMGs in the 
southeastern US where Ix. affinis is the predominant vector, relative to the Northeast US 
where Ix. scapularis is the dominant vector, as well as southern Virginia where both tick 
species were found to be infected with B. burgdorferi.  We then examined the effect of 
tick species and geographic region on the population structure of B. burgdorferi using a 
phylogeographic approach.   
2.2 Methods 
Tick collection 
Questing ticks were collected in Pennsylvania (2014 & 2016), Delaware (2014), 
southern Virginia (2014), and North Carolina (2014)(Table 2.1).  Ticks were collected 
using the drag-flag method, in which a 1m2 white corduroy flag is dragged along the 
forest floor and undergrowth.  Ticks were then morphologically identified as Ixodes sp., 
removed from the flag with forceps, and stored live in 2mL microcentrifuge tubes until 
they could be deposited in a -80֯C freezer.  To prevent desiccation before freezing, one 
~4mm cube cut from an autoclaved sponge and dampened with DI water was placed in 
each microcentrifuge tube. 
DNA extraction, diagnostic PCR, tick species identification  
Individual ticks were crushed into a homogenate using a barrier pipette tip in 
20µL (nymphs) or 30µL (adults) of filter sterilized PBS (pH 7.4).  DNA was then 
extracted from 15µL of the tick homogenate with the Qiagen PureGene Tissue Kit for 
gDNA.  The protocol was modified for high molecular weight DNA extraction from 
nymphal and adult ticks (protocol upon request). Individual ticks were then screened for 
B. burgdorferi using two semi-nested PCRs, one targeting the rrs-rrIA intergenic spacer 
(IGS) and one targeting the ospC locus (IGS - Bunikis et al. 2004, OspC - Vuong et al. 
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2014).  Ixodes ticks from VA and NC were identified as Ix. affinis or Ix. scapularis using a 
multiplexed real-time PCR assay (Wright et al. 2014).   
LR-PCR, next-generation sequencing 
Six semi-nested primer sets were designed to amplify 12-15kb fragments of the 
ospC-encoding B. burgdorferi plasmids, cp26 and lp54, for amplification via long range 
PCR (LR-PCR) using the PrimeSTAR GXL Polymerase (Takara Bio).  Primers and 
thermal cycling conditions are listed in Supplementary Table S1A-B.  Amplified LR-PCR 
products were run on a 0.5% agarose gel for purification using the QIAEX II Gel 
Extraction kit (Qiagen).  DNA concentration of each purified LR-PCR product was 
measured on a qubit 3.0 fluorometer (Thermo Fisher Scientific) and the six LR-PCR 
products were pooled at equal concentrations for each tick.  We used 15ng of the pooled 
LR-PCR product to create short-insert libraries (Nextera-XT DNA Library Prep Kit) and 
sequenced the LR-PCR products on an Illumina MiSeq or Miniseq, producing 150bp 
paired-end reads.  In order to minimize the potential for batch effects due to multiple 
sequencing runs, samples from multiple regions and sites were multiplexed in each lane.  
The reads were trimmed for Illumina adapters and low quality bases (q<25) using Trim 
Galore! (Krueger 2015) and mapped to the cp26 and lp54 from the Borrelia burgdorferi 
B31 reference genome (BioProject PRJNA3) using smalt version 0.7.4 
(sanger.ac.uk/resources/software/smalt/).   
Variant calling and sequence alignment 
Variant calling for singly infected ticks was completed using FreeBayes with the 
following parameters: ploidy = 1, min coverage = 4, no population priors, minimum 
mapping quality = 30, and minimum alternate fraction = 0.75.  Consensus sequences for 
each B. burgdorferi plasmid from singly infected ticks were generated with an in-house 
script against the B31 reference, with ‘N’ inserted when coverage was too low for variant 
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calling (<4X).  Multiple sequence alignment for cp26 and lp54 was completed using 
MAFFT v.  7.222 (Katoh et al. 2002) implemented in Geneious vs.  10.0.2 
(www.geneious.com, Kearse et al. 2012).  Individual sequences were not included in 
further analysis if more than 25% of the sequence contained ‘N’ not found in other 
sequences.  Remaining sequences were then trimmed for ambiguities and gaps.    
Identification of oMGs 
For samples with >50X average coverage at the ospC locus, mapped reads were 
extracted and each read was BLASTed against a local database of 42 ospC sequences 
belonging to 29 distinct oMGs, including B. bissettii (supplementary figure S2).  Reads 
matching >92% to an oMG were assigned to that group while reads with no match >92% 
in the local database were blasted against the full NCBI database.  In 14 instances when 
reads had no match in the local database, the NCBI BLAST resulted in matches to the 
closely related genospecies, Borrelia bissettii.  oMG assignments comprising >5% of 
total reads were counted as present in the tick.  Corrections were made to account for 
sequences in the local blast database in which multiple sequences belong to a single 
oMG.  For example, oMG-Fa and oMG-Fb share >98% nucleotide sequence similarity. 
Matches to either of those references in the local database were counted as a match to 
“oMG-F”.  When a single read matched to multiple oMGs in the library, it only contributed 
to the final count if additional reads provided further discriminatory power by mapping to 
a different section of the ospC locus.  We were unable to identify oMGs from reads 
mapped to samples in which the tick was infected with more than 4 oMGs.   
In order to test our LR-PCR and oMG identification method, we mixed gDNA 
extracted from cultured B. burgdorferi isolates representing oMG-A, oMG-E, and oMG-J 
at equal concentrations with a combination of two oMGs (A & J) and a combination of 
three oMGs (A & J &E), we then amplified cp26 and lp54 using our LR-PCR protocol and 
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computationally identified which oMGs were present using the local BLAST and bin 
method described above.  We were able to identify both combinations accurately.  
Statistical analysis of ospC major allele group distributions 
We investigated the effects of geographic region and tick species on the 
distribution of oMGs using Constrained Analysis of Principal Coordinates (CAP) 
implemented in R as part of the vegan package (R Core Team 2016, Oksanen et al. 
2016). CAP ordinates a dissimilarity matrix, then tests for differences among treatment 
groups using a redundancy analysis (Anderson and Willis 2003).  We used the Raup-
Crick distance metric which is a probabilistic index that calculates the dissimilarity 
between communities under a null model from presence/absence data (Pos et al. 2014, 
Oksanen et al. 2016).  We split the data into four grouping variables which include a tick 
species factor and a geographic origin factor in order to best disentangle the effects of 
tick species and geographic origin on the distribution of oMGs given the geographic 
distribution of ticks sampled: Ix. scapularis in the Northeast, Ix. scapularis in Virginia, Ix. 
affinis in Virginia, Ix. affinis in North Carolina. Statistical significance for the CAP analysis 
was determined by an ANOVA-like permutation test (n = 999) to assess significance of 
tick species and geographic region on the distribution of oMGs (Oksanen et al. 2016).   
Population genetics 
Population genetic parameters including the number of segregating sites, 
haplotype diversity, and nucleotide diversity (Table 2.2) were calculated using DnaSP 
v5.10.01 (Librado and Rozas 2009). Population genetic structure between regions 
(Northeast, Virginia, and North Carolina) and sites (sampling locations within each 
region) was assessed using the Analysis of MOlecular Variance (AMOVA)(Table 2.3) 
calculated using the POPPR package in R (R Core Team 2016, Kamvar et al. 2014).   
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Phylogenetic analyses 
 Phylogenetic relationships for each plasmid were reconstructed using both 
maximum likelihood and Bayesian methods in order to confirm tree topology.  We used 
the BIC, implemented in jModelTest, to determine the best-fit model of nucleotide 
substitution for cp26 and lp54 sequence alignments; the general time reversible model of 
sequence evolution and inverse gamma-distributed rate variation (GTR+I+G) was then 
used in the Bayesian phylogenetic reconstruction and GTR + G was used in the PhyML 
phylogenetic reconstruction (Darriba et al. 2012).  Bayesian phylogenetic trees were 
inferred with MrBayes v3.2.5 and the Monte Carlo Markov Chain was run for 1,000,000 
generations with four heated chains and sampled every 1000 generations (Ronquist et 
al. 2012).  Posterior probability at nodes show support for Bayesian tree topology and 
trees were rooted with an outgroup (Borrelia afzelii, BioProject PRJNA224116).  Final 
trees were visualized with Figtree v1.4.3 and branches were labeled by geographic 
origin of samples (tree.bio.ed.ac.uk/software/figtree).  Maximum likelihood phylogenetic 
trees were inferred with PhyML v 3.0 with parameters set to estimate equilibrium 
frequencies, transition:transversion ratios, and gamma shape (Guindon et al. 2010).  We 
calculated the relative rates of observed recombination and mutation using 
ClonalFrameML with transition:transversion ratios and starting trees estimated using 
PhyML (Didelot and Wilson 2015). 
2.3 Results and Discussion 
 
Overall prevalence 
A total of 79 of 133 (59%) Ix. affinis ticks collected from North Carolina and 
Virginia were PCR positive for B. burgdorferi (Table 2.1).  We were able to amplify, 
sequence, and identify B. burgdorferi oMGs for 65 Ix. affinis ticks.  Among Ix. affinis 
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ticks, we identified a total of 12 oMGs in NC and 8 oMGs in VA (Figure 2.2).  A total of 
45 of 220 (20%) Ix. scapularis ticks collected from the Northeast and Virginia were PCR 
positive for B. burgdorferi and none of 14 Ix. scapularis ticks in North Carolina were PCR 
positive for B. burgdorferi (Table 2.1).  We were able to amplify, sequence, and identify 
11 oMGs for 22 Ix. scapularis ticks (Figure 2.3). A total of 17 different oMGs were 
identified in this study, and six oMGs were found in both tick species (A, B, C, D, G, H).   
The coastal region of southern Virginia contains the upper geographic 
boundaries for several B. burgdorferi host species including the cotton mouse, P. 
gossypinus (Wolfe and Linzey 1977), and the hispid rat, Sigmodon hispidus (Hall 1959).  
B. burgdorferi cultures isolated from hispid rats and cotton mice collected in South 
Carolina and Georgia were found to have a high incidence of B. burgdorferi oMG-L, 
which is rare in the Northeast (Rudenko et al. 2013).  We found oMG-L in Ix. affinis in 
North Carolina and in Virginia, but we did not recover oMG-L from Ix. scapularis. 
We found that Ix. affinis ticks in NC had the most oMGs with an average of 2.04 
oMGs per infected tick, while Ix. affinis in VA had on average 1.33 oMGs per infected 
tick.  Ix. scapularis in the Northeast and VA had an average of 1.60 and 1.24 oMGs per 
tick respectively.  Four individual ticks in the NC population of Ix. affinis appeared to 
contain more than four strains and were excluded from the analysis.  We found that 
among collections in April 2014, all Ix. scapularis in VA and nearly all (1 adult, 193 
nymphs) Ix. scapularis in the Northeast were nymphs while all Ix. scapularis in North 
Carolina were adults (Table 2.1).  All Ix. affinis ticks collected in the spring were adults, 
with only a few (7 nymphs,11 adults) nymphs recovered in the late summer. 
The observed differences in life history structure between Ix. scapularis and Ix. 
affinis likely influenced both the number of B. burgdorferi oMGs per tick and the yield of 
the LR-PCR method.  Because adult ticks have fed twice, once as a larva and once as a 
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nymph, they are more likely to carry multiple B. burgdorferi oMGs than nymphal ticks, 
which have only fed once.  In addition, a nymph will take a larger bloodmeal than a larva, 
resulting in more B. burgdorferi on average in the midgut of an infected adult tick than an 
infected nymph.  Given that the LR-PCR is sensitive to both DNA quality and 
concentration, it is likely that the low yield of amplified LR-PCR fragments from Ix. 
scapularis samples relative to Ix. affinis samples is a result of the reduced number of B. 
burgdorferi in each nymph relative to each adult.  The results of the diagnostic PCRs for 
the IGS and ospC locus were within expectations given prevalence reports in previous 
publications (Maggi et al. 2010, Rudenko et al. 2013, Clark 2004, Courtney et al. 2003, 
Brisson personal communication).   
High B. burgdorferi prevalence in Ix. scapularis is reinforced by seasonally 
structured synchronous phenology (Gatewood et al. 2009).  When there is a large 
difference between summer and winter temperatures, as in the Northeast where winter 
temperatures are frequently near or below 0֯C, unfed nymphs will enter diapause during 
the winter months and emerge in large numbers in the spring.  The emergence of 
nymphs in the spring is followed by the emergence of larvae in the summer.  The newly 
hatched larvae then feed on the host community, some proportion of those hosts will 
have recently been infected with B. burgdorferi by one of the nymphs.  One hypothesis 
for low B. burgdorferi prevalence in the southeastern population of Ix. scapularis is that 
larvae and nymphs emerge asynchronously throughout the year and transmission of B. 
burgdorferi is not reinforced by the nymph-then-larvae pattern of synchronous 
emergence.  In 2014, the winter in southern VA was unusually harsh and protracted, 
with an unseasonable snowfall occurring as late as March (usclimatedata.com), which 
may explain the unusual synchronous emergence of nymphs in April.  Our collections 
were not stratified in time and space in a way that allow for a rigorous study of the 
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influence of climate on the phenology of ticks and the distribution of oMGs.  However, 
the lack of life stage diversity in our tick collections within regions does suggest a 
synchronous phenology which is linked to climate in Ix. scapularis.        
Though the sample size was considerably smaller in VA than in NC for Ix. affinis 
(n = 16, n = 125 respectively), we still recovered seven of the twelve oMGs found in NC.  
It was surprising to find such diversity in oMGs given the recent expansion of Ix. affinis 
into southern Virginia (Nadolny et al. 2011) and the low expected infection prevalence 
for Ix. scapularis in the southeast (Clark et al. 2004, Maggi et al. 2010, Gaff personal 
communication).  None of the oMGs in the Ix. affinis from VA were unique relative to the 
oMGs found in Ix. affinis from NC; however, five of the seven oMGs found in Ix. affinis 
from VA were not found in Ix. scapularis from the NE or VA.  We would expect this 
pattern if Ix. affinis and Ix. scapularis fed on different host communities, though both 
vector species are generalists and there is overlap in the known host range (Harrison et 
al. 2010).   
oMG community composition 
Our analysis shows a statistically significant difference between the composition 
of oMGs between tick species and geographic regions (F3,80 = 4.69, P = 0.001).  The first 
and second axes from the constrained analysis of principal coordinates (CAP1 & CAP2) 
account for 89.19% of the constrained variation (Figure 2.5). The CAP plot shows a 
separation in ordination space driven by both tick species and geographic origin, 
suggesting that the geography and tick species account for a substantial amount of 
variation in oMG.  This analysis is likely confounded by the small sample size for oMGs 
from Ix. scapularis ticks which may not be representative of the oMG diversity in the 
region (5 ticks, 8 B. burgdorferi, 3 oMGs); however, the skewed proportion of oMG-A in 
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both tick species in VA may reflect the early establishment of this oMG at the leading 
edge of both expanding vector ranges.        
Human strains   
Several oMGs reported to cause EM lesions and/or disseminated infections in 
humans (Seinost et al. 1999, Earnhart et al. 2005, Dykhuizen et al. 2008) were identified 
in both tick species, including oMG-A, oMG-B, oMG-C, oMG-D, oMG-G, and oMG-H 
(Figure 2.3).  We found oMG-B and oMG-H in both Ix. scapularis the Northeast and Ix. 
affinis in NC, but neither oMG was identified in VA, possibly due to small sample sizes.  
In the NE and NC, oMG-A comprised ~19% of the total distribution of oMGs, while in VA 
oMG-A comprised ~37% the total distribution of oMGs in Ix. scapularis and 50% of the 
total distribution of oMGs in Ix. affinis.   
Population genetics 
We found 627 polymorphic sites among 26 individuals across 18,283bp of the 
plasmid cp26 and 669 polymorphic sites among 22 individuals across 38,682bp of the 
plasmid lp54 (Table 2.2).  For both cp26 and lp54, haplotype diversity was lower in 
Virginia than in North Carolina or the Northeast (Table 2.2). This pattern was driven by 
the abundance of oMG-A isolates in VA which comprised 8 of the 10 samples from VA 
for each plasmid and lacked any variation across both cp26 and lp54.  The lack of 
diversity found in oMG-A is consistent with a previous study which suggested that oMG-
A is a recent migrant to North America from Europe (Qiu et al. 2008).  We found no 
variation among oMG-A haplotypes in VA between Ix. scapularis (n=1) and Ix. affinis 
ticks (n=7) across cp26 and lp54, which lends support to the potential for B. burgdorferi 
to move between tick species.  Our motivation for developing a novel method for 
amplification of partial plasmids was to provide better resolution for population genetics 
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studies.  The low haplotype diversity suggests that we were unable to capture variation 
within clonal lineages even when 56,965bp are included in the analysis.   
Across all geographic regions, nucleotide diversity was higher in cp26 than lp54 
(Table 2.2). Much of the diversity in cp26 is localized at the host-associated ospC locus, 
though we found SNPs between oMGs across the plasmid.  Similarly, we found SNPs 
distributed across plasmid lp54 between oMGs.  Nucleotide diversity at lp54 across all 
regions in this study, 0.005 +/- 0.001, was similar to the genome-wide nucleotide 
diversity reported for 22 B. burgdorferi isolates, 0.004 +/- 0.003, recently sequenced in 
Europe (Becker et al. 2016), whereas cp26 was double that value at 0.010 +/- 0.001.  
Results from the AMOVA revealed significant variation within and between 
regions but not between sites within regions for both cp26 and lp54 (Table 2.3).  We 
found that differentiation within sites accounted for more of the variation than between 
regions (Table 2.3).  Natural selection can enhance geographic differentiation when 
populations adapt to local environments (Slatkin 1987), but in obligate pathogen systems 
the host is the local environment (Brooks et al. 2006).  For B. burgdorferi, there may be 
many potential host species present in a single geographic region.  The identification of 
population structure within sites in B. burgdorferi suggests that the effects of ecological 
isolation are greater than the effects of geographic isolation in structuring B. burgdorferi 
populations.     
Phylogenetic analyses 
A phylogenetic tree was inferred from plasmid cp26 with 26 B. burgdorferi 
sequences from an alignment of 18,283bp (Figure 2.4).  A phylogenetic tree for lp54 was 
inferred with 23 B. burgdorferi sequences from an alignment of 38,682bp (Figure 2.4).  
Both trees show similar patterns of phylogenetic clusters associated with oMG rather 
than geographic origin or vector species.  Within oMG lineages, there is some evidence 
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of clustering by geographic region.  For example, in the oMG-A clade for both cp26 and 
lp54 we find within-region clustering for samples from VA and samples from the NE.  
There were some instances of phylogenetic incongruity among the trees for cp26 
and lp54.  Specifically, a Northeast oMG-U is clustered within the oMG-G group in the 
lp54 tree and the relationships between individuals within the oMG-A clade are 
inconsistent between cp26 and lp54, though the oMG-A clade remains monophyletic in 
both trees (Figure 2.4).  These results indicate that possible recombination or incomplete 
lineage sorting has influenced the tree topology in B. burgdorferi and disrupted linkage 
disequilibrium between ospC and other loci.   
We estimated the rate of recombination to mutation (R/Ɵ) for cp26 and lp54 at 
1.462 with a posterior variance of 0.0075 and 0.166 with a posterior variance of 0.0003 
respectively.  The average length of the recombinant DNA fragment (δ) for cp26 and 
lp54 was 98bp and 50bp respectively.  Most of the detected recombination in cp26 
centered around the ospC locus which is expected given that new oMGs often arise via 
recombination (Barbour and Travinsky 2010).  A study of the core genomes across 
multiple Borrelia genospecies found a R/Ɵ rate of 0.182 (Becker et al. 2016), which is 
similar to our reported value for lp54.  The clonal frame model does not allow for multiple 
recombination events at any position, thus when the parameter δR is greater than one, 
the clonal frame model is prone to underestimating the value of R (Didelot and Wilson 
2015).  The δR for cp26 was approximately 1.39, indicating that recombination is likely to 
have occurred more than once at some positions, and 14 of 39 recombination events 
detected across cp26 occurred at the ospC locus.  These analyses show that 
recombination is an important force in generating diversity at the ospC locus.  
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2.4 Conclusions         
 
In this study, we investigated the population genetic structure of B. burgdorferi in 
the Northeast, where Ix. scapularis is the dominant vector, in North Carolina, where Ix. 
affinis is the predominant vector, and in Virginia at the interface of these two competent 
vector species.  We found that the distribution of ospC major allele groups is associated 
with geographic region and vector species, suggesting that the differences in the host 
communities between the northeastern and the southeastern US could be contributing to 
the differences in oMG distribution between the regions.  Despite differences in the 
distribution of oMGs, we found no evidence of differentiation in B. burgdorferi between 
vectors within an oMG, which refutes the hypothesis that local adaptation to the vector 
Ix. affinis suppresses infection prevalence in the sympatric competent vector, Ix. 
scapularis.  
Our population genetic and phyogeographic analyses further showed population 
structuring within geographic regions associated with oMGs, which supports the 
hypothesis of ecological isolation rather than geographic isolation as the primary driver 
of population structure in B. burgdorferi.  The independent reconstruction of phylogenies 
showing similar topologies from different plasmid sequences suggests that B. burgdorferi 
is largely clonal, though we found evidence of some recombination and phylogenetic 
incongruence, suggesting a disruption of clonal lineages associated with the ospC locus.  
 
 
 
 
 
26 
 
Acknowledgements 
The authors would like to thank Marcee Toliver for sharing expertise regarding the 
ecology and distribution of Ix. affinis and Ix. scapularis in North Carolina.  Collections in 
VA at the Hoffler Creek Wildlife Preserve were completed under the guidance of Dr.  
Holly Gaff.  Collecting permits for the North Carolina State Park System were granted by 
the North Carolina Department of Environment and Natural Resources (R14-23).  
Permissions for tick collection in Pennsylvania at Crow’s Nest Preserve and Wawa 
Preserve were granted by the Natural Lands Trust, and we thank Dan Barringer for 
helpful tips.  We thank Dr.  Solny Adalsteinsson and the Forest Fragments in Managed 
Ecosystems program for collection assistance in Delaware.  Sequencing and DNA 
library preparations were completed in the Hahn Lab Core facility at the University of 
Pennsylvania.  Emily Avis contributed to computational sequence processing.  The 
authors would like to thank Dr.  Lee Dietterich for guidance and assistance on statistical 
data analysis as well as Alex Berry, Dr.  Sandy Olkowski, and Jill Devine for helpful 
discussions.  Stephanie Seifert was supported by NSF GRFP DGE-1321851.   
 
 
 
 
 
 
 
 
 
 
 
27 
 
2.5 Figures and tables 
 
Table 2.1.  Tick collection data and results of diagnostic PCR targeting B. burgdorferi    
                   IGS and ospC 
State Location Tick Species
Number of 
Ticks
% Nymphs
Positive 
for Bb
% Bb Latitude Longitude
Ix affinis 0 NA 0 NA
Ix scapularis 46 100% 5 11%
Ix affinis 0 NA 0 NA
Ix scapularis 138 99% 29 21%
Ix affinis 0 NA 0 NA
Ix scapularis 9 100% 2 22%
Ix affinis 17 0% 13 76%
Ix scapularis 27 100% 9 33%
Ix affinis 14 0% 7 50%
Ix scapularis 0 NA 0 NA
Ix affinis 31 0% 13 42%
Ix scapularis 1 0% 0 0%
Ix affinis 71 10% 46 65%
Ix scapularis 13 8% 0 0%
Ix affinis 133 5% 79 59%
Ix scapularis 234 94% 45 19%
North Carolina
North Carolina
Total
39.64534 -75.75786
40.18846 -75.75512
39.90791 -75.45748
Delaware             
(NE)
Pennsylvania 
(NE)
Pennsylvania 
(NE)
Virginia 
North Carolina
Medoc Mountain 
State Park
All locations
36.89452 -76.39748
35.24124 -77.88387
36.26194 -77.88714
FRAME site
Crow's Nest 
Preserve
Wawa Preserve
Hoffler Creek 
Wildlife Foundation
Cliffs of the Neuse 
State Park
Merchant's 
Millpond State Park
36.43446 -76.69985
NA NA
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Table 2.2.  Origin, sample sizes, and sequence diversity of Borrelia burgdorferi  
                  plasmid sequences from the Northeast, Virginia, and North Carolina.   
 
 
 
 
 
 
 
 
n = sample size, S = segregating sites, h = number of haplotypes, Hd = haplotype 
diversity, π = nucleotide diversity, standard deviation in parentheses 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Region Plasmid n S h Hd π 
Northeast 
cp26 10 519 8 0.956 0.011 (0.001) 
lp54 10 501 10 1.000 0.005 (0.001)  
Virginia 
cp26 10 225 2 0.356 0.004 (0.002) 
lp54 10 260 3 0.378 0.002 (0.001)  
North 
Carolina 
cp26 6 334 3 0.600 0.008 (0.003) 
lp54 2 280 2 1.000 0.007 (0.003) 
All Locations 
cp26 26 625 13 0.886 0.010 (0.001) 
lp54 22 669 15 0.879 0.005 (0.001) 
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Table 2.3.  Analysis of molecular variance for plasmid sequence data of B. burgdorferi 
among the Northeast, Virginia, and North Carolina (regions) and sampling sites within 
regions (sites)a 
  
Variation 
(%) Φ P 
cp26 
   
ΦCT (among regions) 29.3 0.2927 0.016*b 
ΦSC (among sites within regions) 6.5 0.0919 0.630c 
ΦST (within sites) 64.2 0.3577 <0.001*d 
lp54 
   
ΦCT (among regions) 35.6 0.357 <0.001*b 
ΦSC (among sites within regions) -5.10 -0.079 0.883c 
ΦST (within sites) 69.4 0.306 0.002*d 
a Variance was partitioned among and within three geographic regions  
  and within sampling sites 
b Probability of obtaining value for Φ was determined by 1000 randomizations  
  by permuting samples between regions  
c Probability of obtaining value for Φ was determined by 1000 randomizations  
  by permuting samples within regions  
d Probability of obtaining value for Φ was determined by 1000 randomizations  
  by permuting samples within sites 
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Figure 2.1.  Distribution of oMGs from questing ticks, human erythema migrans  
lesions, and human disseminated infections in New York State.   
(adapted from Seinost et al. 1999) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
31 
 
 
 
 
 
 
 
Figure 2.2.  Tick sampling sites in Pennsylvania and  
Delaware (Northeast), Virginia, and North Carolina.   
Values in parentheses next to each sampling location  
represent the number of B. burgdorferi positive ticks,  
the total number of ticks, and the tick species  
(Ixa = Ix. affinis, Ixs = Ix. scapularis).  
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Figure 2.3.  The distribution of ospC major allele groups among Ix. scapularis ticks 
collected in the (A.) Northeast, (B.) Ix. scapularis ticks collected in Virginia, (C.) Ix. affinis 
ticks collected in Virginia, and (D.) Ix. affinis ticks collected in North Carolina.  
ǂ indicates an oMG indicated in human skin or disseminated infections.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
33 
 
 
Figure 2.4.  Bayesian phylogenetic tree of (A) cp26 sequences and (B) lp54 sequences 
from Borrelia burgdorferi collected in the NE (blue), VA (aquamarine), and NC (dark 
green).  The tree for cp26 is based on 26 sequences of 18,283bp.  The tree for lp54 is 
based on 23 sequences of 38,682bp.  Support at nodes are given by the posterior 
probability.  The scale bar indicates substitutions per site.   
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          Figure 2.5.  Constrained analysis of principal coordinates of  
          Raup-Crick distance based on tick species and geographic origin  
          of B. burgdorferi oMGs.  Labels represent the centroids of the  
          average composition of oMGs among tick species by geographic  
          region; NE = Northeast, VA = Virginia, NC = North Carolina.  The  
          letters represent each oMG and the colors indicate whether that  
          oMG is found in Ix. affinis only (green), Ix. affinis and Ix. scapularis   
          (aquamarine), or Ix. scapularis only (blue).   
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CHAPTER 3: POPULATION GENOMICS OF BORRELIA BURGDORFERI 
REVEAL LOW LEVELS OF RECOMBINATION AT THE OSPC LOCUS, 
DISRUPTING CLONAL ASSOCIATION WITH OSPC MAJOR ALLELE 
GROUPS 
3.1 Introduction 
 
Microbial populations are shaped by population genetic processes including 
mutation, natural selection, genetic drift, and recombination.  Though bacteria are 
generally described as clonal organisms, vertically transmitting genetic material from 
parent to offspring, the exchange of genetic material can also occur via three alternative 
mechanisms: 1) transduction, in which a genetic material is moved between bacterial 
cells by a viral intermediary, 2) transformation, in which donor DNA is taken up from the 
environment by the recipient, and 3) conjugation, in which DNA is exchanged through 
cell-to-cell contact.  Recombination has been shown to contribute to diversification in 
structured bacterial populations if genetic material is horizontally transferred between 
independently evolving lineages (Guttman & Dykhuizen 1994) and can serve to 
accelerate adaptation by reducing competition among beneficial mutations by beneficial 
mutations together (Vos et al. 2009) or allowing deleterious mutations to be purged (Kim 
and Orr 2005, Vos et al. 2009).   
Recombination breaks up the clonal pattern of inheritance, thus the strength of 
linkage disequilibrium is negatively correlated with recombination (Maynard Smith 1993).  
When reconstructing the phylogenetic relationships between clonal individuals, regions 
where linkage disequilibrium is disrupted by recombination would be incongruous with 
the clonal tree (Smith and Smith 1998, Vos 2009, Didelot and Wilson 2015).  As a single 
recombination event can introduce multiple mutations, recombination can inflate 
estimates of genomic divergence between closely related taxa (Didelot and Wilson 
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2015).  Therefore, accounting for recombination is important when making phylogenetic 
and population genetic inferences.     
Interest in the study of recombination in bacteria has been fueled by the 
decrease in DNA sequencing costs and an interest in tracing the spread of antimicrobial 
resistance and pathogenicity islands between lineages of bacterial pathogens (Dobrindt 
et al. 2004).  Bacteria range from highly clonal (e.g. Salmonella enterica), with 
nonrandom association between loci, to highly recombinogenic (e.g. Helicobacter pylori), 
with nearly random association between loci (Spratt 2004).  The causative agent of 
Lyme borreliosis, Borrelia burgdorferi, has been described in contradictory terms as 
completely clonal (Dykhuizen et al. 1993) and subject to pervasive recombination 
(Haven et al. 2011).  Early studies found little evidence of recombination, but only a few 
chromosomal loci were evaluated (Dykhuizen et al. 1993, Smith and Smith 1998).  When 
the first whole B. burgdorferi genomes were sequenced, researchers selected very 
divergent B. burgdorferi isolates for sequencing in order to capture the most diversity.  
Population genetic inferences based on these early genomes likely overestimated 
recombination as they were based on a sample set selected to represent global diversity 
rather than a random selection from a population (Seifert et al. 2015).  Subsequent 
studies which included sequences from chromosomal and plasmid-borne loci or whole 
genomes have suggested that B. burgdorferi is mostly clonal with limited recombination 
(Qiu et al. 2008, Jacquot et al. 2014).  
B. burgdorferi is an obligate vector-borne pathogen with a broad range of 
vertebrate hosts.  Using long-range PCR to amplify the B. burgdorferi plasmids cp26 and 
lp54 from ticks in the Northeast, Virginia, and North Carolina we identified population 
structure associated with a the ospC locus (Chapter 2).  We found that most of the 
reported recombination across the cp26 plasmid was localized at the ospC locus.  Intra-
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population recombination can be difficult to detect relative to the importation of DNA from 
more distantly related pathogens as fewer, if any, mutations may exist in the recombined 
fragment, thus intra-population recombination rates are likely to be under-estimated 
(Didelot and Wilson 2015).  Recombination at the ospC locus may be more readily 
detected than recombination at other loci because the locus is under balancing selection 
(Livey et al. 1995).   
The ospC locus is partitioned into major allele groups (oMGs) which differ by less 
than 2% in nucleotide identity within groups and more than 8% between groups (Wang 
et al 1999).  There is evidence of linkage disequilibrium between ospC and 
chromosomal loci (Dykhuizen et al. 1993, Qiu et al. 2008), however there is also 
evidence of recombination in part or in whole at the ospC locus (Qiu et al. 2008, Barbour 
and Travinsky 2010, Jacquot et al. 2014).  There has not been a consensus on the 
extent of linkage associated with the ospC locus in B. burgdorferi.  In this study, we 
investigate patterns of linkage disequilibrium in B. burgdorferi associated with the ospC 
locus.  
3.2 Methods 
 
Bacterial cultures 
We resurrected twenty-four B. burgdorferi isolates previously cultured for a 2010 
study on evolution of B. burgdorferi in the Midwest which had been identified to contain a 
single oMG (Brisson et al. 2010).  We also cultured a standard laboratory strain, B31 
(passage = 5), for which the whole genome sequence has been resolved (BioProject 
PRJNA3) in order to test our sequencing and variant calling pipeline.  The Midwest 
isolates were originally cultured from skin biopsy specimens, with the exception of 
BC3_N which was isolated from cerebrospinal fluid, from adult patients at the Marshfield 
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Clinic in central Wisconsin from 1995-2001.  Isolates were grown in 6mL of BSK-II 
culture medium in 8mL polystyrene round-bottom screw cap tubes at 34֯C under 
BioSafety Level 2 conditions as described by Zuckert (2007). High molecular weight 
gDNA was extracted from B. burgdorferi cultures in late-exponential-phase using the 
Qiagen PureGene DNA extraction kit following the protocol for cultured cells.   
LR-PCR, next generation sequencing 
 DNA libraries were prepared from the whole genome DNA from the B. 
burgdorferi cultures using the Nextera-XT DNA Library Prep Kit and multiplexed on a 
single Miniseq lane yielding 150bp paired-end reads.  Reads were then trimmed for 
Illumina indexing primers, adapters, and quality <25 using Trim Galore! (Krueger 2015).  
Trimmed reads were then mapped against reference sequences for the chromosome, 
cp26, and lp54 using the B. burgdorferi B31 reference genome (BioProject PRJNA3) 
using smalt version 0.7.4 (sanger.ac.uk/resources/software/smalt/).  Variant calling and 
oMG identification for the B. burgdorferi cultures was completed as described in Chapter 
2 for singly infected ticks.  Twenty-Four B. burgdorferi cultures from WI were included in 
this study in addition to B31 and the cp26 and lp54 plasmid sequences from singly 
infected ticks as described in Chapter 2.  In addition to the cultured B. burgdorferi 
isolates and LR-PCR sequences from singly infected ticks in the eastern US (Chapter 2), 
we included B. burgdorferi sequences acquired through the NCBI database in the 
analyses which included samples from the northeast, Europe, and California 
(supplementary table S3).  Sequences for each genome segment (chromosome, lp54, 
and cp26) were aligned using MAFFT v.  7.222 (Katoh et al. 2002) implemented in 
Geneious vs.  10.0.2 (www.geneious.com, Kearse et al. 2012).   
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Population genetics 
Population genetic parameters for the chromosome, cp26, and lp54 were 
calculated in DnaSP v5.10.01 (Librado and Rozas 2009) (Table 3.1).  We determined 
the extent of linkage disequilibrium within B. burgdorferi populations by calculating the 
Index of association (IA) as described by Maynard-Smith et al. (1993).  The IA is defined 
as:  
IA = (Vo/Ve) - 1 
where Vo is the observed variance of differences between loci (pairwise distance) and Ve 
is the expected variance of differences between loci given free recombination (Maynard 
Smith et al. 1993, Agapow et al. 2001).  Because IA is sensitive to the number of loci 
which makes the index difficult to interpret when comparing between populations and 
genetic segments, we also calculated r̅d which converts IA into a correlation coefficient 
that varies from 0 (no linkage disequilibrium) to 1 (complete linkage disequilibrium 
(Agapow et al. 2001).  We calculated r̅d with and without clone correction (reducing the 
dataset to include one of each haplotype per population) and the significance of r̅d was 
evaluated by resampling the data to produce a null distribution.  Both IA and r̅d were 
calculated in the R package, POPPR (R Core Team 2016, Kamvar et al. 2014).   
Phylogenetic analyses 
The general time reversible model of sequence evolution with gamma distributed 
rates (GTR+G) was determined to be the best-fit model of nucleotide substitution for all 
three of our multiple sequence alignments (chromosome, lp54, and cp26) using the BIC 
implemented in jModelTest (Darriba et al. 2012).  Maximum likelihood trees were 
inferred using PhyML v 3.0 (Guindon et al. 2010).  We confirmed the topology of the tree 
through Bayesian phylogenetic reconstruction for each genome segment rooted with an 
outgroup (Borrelia afzelii, BioProject PRJNA224116) and implemented in MrBayes 
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v3.2.5; we ran the Monte Carlo Markov Chain for 10,000,000 generations with four 
heated chains, sampling every 10,000 generations with 2,500,000 generations burn-in 
(Ronquist et al. 2012).  PhyML trees and the corresponding sequence alignments were 
used to infer the ratio of the rates of recombination/mutation (R/Ɵ), average length of 
recombined fragment (δ), and the location of recombination along the sequence 
alignment in ClonalFrameML and generate a clonal phylogeny with recombination 
corrected branch lengths (Didelot and Wilson 2015).   
3.3 Results and Discussion 
 
Population genetics 
Among all 29 samples used in the chromosome analysis we found a total of 
14,692 segregating sites across 798,363bp (Table 3.1).  We found remarkably little 
genetic diversity within oMGs across the chromosome.  If we only consider isolates from 
oMGs that are represented by more than one isolate (oMG-A, oMG-E, oMG-F, oMG-G, 
oMG-H, oMG-O, oMG-N, oMG-U), then the average number of pairwise differences 
within and between an oMG is 1,256bp +/- 1557bp and 4149bp +/- 78bp respectively.  If 
we exclude oMGs which do not form a monophyletic clade (oMG-A, oMG-F, and oMG-
U), then the average number of pairwise differences within an oMG falls to 277bp +/- 
242bp while the average number of pairwise differences between oMGs remains 
relatively high at 4151bp +/- 86bp.  We sequenced two oMG-O samples that were 
isolated from different patients and found that they contained only 8 pairwise differences 
across the entire chromosome.  These data suggest that fine scale inferences of 
migratory history and demography within an oMG will require a full genome dataset.   
Interestingly, several plasmid sequences recovered from field-collected ticks in 
PA shared haplotypes with sequences in the NCBI database despite comparisons of 
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large plasmid fragments.  For instance, two of the northeastern tick-derived oMG-K cp26 
sequences of 18,252bp in length shared a haplotype with New York isolate 297 (NCBI: 
CP002268).  However, these same three isolates varied by 11bp (297_K : EL19_K), 
38bp (EL47_K : EL19_K), and 45bp (297_K : EL47_K) in pairwise comparisons across 
plasmid lp54.  
Both the IA and r̅d indicate that loci are nonrandomly associated (Table 3.1).  As 
haplotype diversity was low across lp54 and cp26 in North Carolina and Virginia, we 
assessed the association among loci with clone-corrected data which revealed a similar 
pattern of significant linkage disequilibrium among loci with the exception of the cp26 
plasmid in Virginia which had only two haplotypes among 10 samples and was therefore 
inadequate for calculating variance of pairwise differences.  Low neutral genetic diversity 
and high linkage disequilibrium among loci suggests a low effective population size in B. 
burgdorferi (Dykhuizen et al. 1993).  
Phylogenetic trees 
We reconstructed three phylogenetic trees using ClonalframeML recombination 
corrections: a phylogenetic tree based on 798,363bp of the chromosomal sequence from 
29 B. burgdorferi isolates, a phylogenetic tree based on 38,581bp of the lp54 plasmid 
sequence from 56 B. burgdorferi isolates, and a phylogenetic tree based on 18,252bp of 
the cp26 plasmid sequence from 62 B. burgdorferi isolates (Figure 1A-C).  Our 
phylogenetic trees revealed a pattern of clustering by oMG rather than geographic origin 
with only a few exceptions indicating recombination.  Notably, in Wisconsin we found 
that an ospC locus from an oMG-U appears to have recombined onto the genetic 
background of an oMG-F which is reflected in cp26, and the chromosomal phylogenetic 
trees, but not the lp54 tree.  The limited genetic diversity across the chromosome 
between the oMG-U and oMG-F isolates suggests a recent recombination event at the 
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ospC locus in which an oMG-U recombined onto an oMG-F genetic background.  The 
most internal (ancestral) nodes across all trees had low support in the starting maximum 
likelihood tree and at the base of the rooted Bayesian tree was a polychotomy.   
Clustering at the external nodes within an oMG type was generally supported 
across trees reconstructed from each genetic segment, though there were some 
exceptions.  In the chromosomal phylogeny, we found that an oMG-B isolate and a 
European-derived oMG-B2 isolate disrupt the oMG-A clade which is otherwise 
comprised of samples from the Midwest and Northeast.  This pattern was also resolved 
with high posterior probability in the Bayesian tree.  In the cp26 and lp54 trees, oMG-A 
isolates form a monophyletic clade with internal clustering by geographic region.  
Interestingly, the oMG-L isolate from North Carolina consistently clusters with an oMG-L 
isolate from France in both the cp26 and lp54 trees while the oMG-L isolate from 
Wisconsin shows no consistent relationships among trees, lending support to the 
hypothesis of trans-Atlantic dispersal of the southern oMG-L (Rudenko et al. 2013). We 
found that an oMG-V isolate from the Midwest did not cluster with an oMG-V isolate from 
North Carolina in either the lp54 or the cp26 trees.  This pattern was repeated in the 
oMG-N isolates from the Midwest and North Carolina in the cp26 tree (no data for oMG-
N in NC for lp54), where oMG-N from Wisconsin consistently clusters with the oMG-E 
group (across all trees) and does not cluster with oMG-N from North Carolina.  These 
data show differences in linkage patterns between geographic regions.         
  We estimated the posterior mean and posterior variance for the ratio of rates of 
recombination to mutation (R/Ɵ) and the mean length of imported DNA (δ) for the 
chromosome, lp54, and cp26 (Table 3.2).  We found a relatively higher rate of 
recombination detected at the ospC locus (~11kb in Figure 3.1) in cp26 which likely 
accounts for relatively high rate of recombination to mutation when compared to the 
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chromosome and lp54.  Across lp54 we found a higher rate of recombination 
corresponding to the loci decorin binding protein A and decorin binding protein B which 
are host-associated virulence factors (Shi et al. 2008).   
We found that mutation was identified more frequently than recombination (R/Ɵ= 
0.5526, Table 3.2) using the ClonalFrameML method.  Interestingly, the recombination 
graph shows many mutations throughout the chromosome for which the ClonalFrameML 
model assigned a moderate to high chance of homoplasy.  This may reflect 
shortcomings of the model when applied to intra-population datasets.  The underlying 
principle is that recombination will introduce more mutations than observed in the clonal 
genealogy (where mutation occurs but recombination does not).  Detection of 
recombination from an inter-population donor is generally more robust than detection of 
recombination from an intra-population donor because the imported sequence should be 
more divergent resulting a region with more than the expected number of mutations 
given a constant mutation rate.  Though the ClonalFrameML model performed 
reasonably well when tested on a simulated intra-population dataset (Didelot and Wilson 
2015), the B. burgdorferi chromosome is highly conserved and is likely under purifying 
selection (Chaconas & Kobryn 2010, Haven et al. 2011), therefore, recombination in this 
case could lead to purging of mutations rather than the accumulation of mutations which 
would confound the accurate estimation of recombination.               
3.4 Conclusions 
 
In this study, we used whole chromosomes as well as partial plasmid sequences 
to investigate the extent of recombination in the Lyme borreliosis pathogen, B. 
burgdorferi, between the Midwest, Northeast, and Virginia.  We concur with previous 
findings that B. burgdorferi is neither completely clonal, though there is significant 
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linkage disequilibrium among loci, nor highly recombinogenic given that the ratio of 
recombination to mutation is relatively low across the chromosome and lp54.  We 
identified host-associated loci with evidence of elevated levels of recombination on lp54 
at the dbpA and dbpB loci and on cp26 at ospC.  Several groups appear to be in linked 
by oMG depending on which populations are sampled and which genomic sequences 
are examined which likely explains some of the discordance between studies.  For 
example, if we had only sampled B. burgdorferi from the Northeast and Midwest, then 
we would have concluded complete linkage among oMG-G isolates.   
Most notably, we identified strikingly little variation between individuals within a 
clade, though the clade identity cannot always be predicted by oMG.  For example, 
between two oMG-G isolates from Wisconsin we found only one mutation per 100kb 
across the chromosome.  Some clades were in perfect alignment with the oMG, and 
within an oMG there appeared to be sub-structure correlating to geographic region.  For 
example, oMG-H and oMG-D form a monophyletic clade with subtrees correlating to 
geographic regions across all three phylogenetic trees and a similar pattern is revealed 
among oMG-A isolates in the lp54 and cp26 trees. These data suggest some isolation 
between geographic regions.  We identified stronger association between loci in North 
Carolina and Virginia than in the Northeast or Midwest.  The apparent clonality of the 
North Carolina and Virginia populations may reflect the recent expansion and lower 
effective population size in the region (Chapter 2) whereas the Northeast and Midwest 
populations of B. burgdorferi are relatively well-established populations.           
Population structure in B. burgdorferi appears to be driven by a multitude of 
factors, including geographic and ecological isolation.  It is clear that B. burgdorferi has 
the necessary machinery to undergo recombination and it is likely that different oMGs 
have the opportunity to exchange genetic material since both ticks and vertebrate hosts 
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are frequently found to be infected by multiple oMGs (Brisson and Dykhuizen 2004).  
Therefore, the observation of strong linkage disequilibrium and limited neutral genetic 
diversity likely reflect a small effective population size.  We found the lowest genetic 
diversity in B. burgdorferi isolated from ticks collected in southern Virginia.  Taken 
together with the recent studies suggesting that both vector species are experiencing a 
range expansion toward this region, the low genetic diversity found in the B. burgdorferi 
populations suggests a founder effect.    
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3.5 Figures and tables 
 
Table 3.1. Origin, sample sizes, sequence diversity, and linkage across the Borrelia 
burgdorferi chromosome and plasmid sequences 
Region Genome Segment n S h Hd π IA r̅d r̅dcc
chromosome 4 7739 4 1 0.0052 (0.0010) 131.5* 0.017* 0.017*
lp54 18 601 16 0.987 0.0053 (0.0004) 52.6* 0.090* 0.088*
cp26 19 596 12 0.947 0.0116 (0.0005) 48.5* 0.083* 0.052*
chromosome 24 13262 24 1 0.0048 (0.0002) 436.9* 0.017* 0.017*
lp54 24 751 24 1 0.0058 (0.0003) 38.9* 0.054* 0.054*
cp26 24 664 22 0.993 0.0118 (0.0003) 22.4* 0.035* 0.034*
chromosome NA NA NA NA NA NA NA NA
lp54 10 255 3 0.378 0.0024 (0.0011) 253.2* 0.997* 0.988*
cp26 10 226 2 0.356 0.0044 (0.0020) 225* 1.000* NA
chromosome NA NA NA NA NA NA NA NA
lp54 2 274 2 1 0.0071 (0.0036) NA NA NA
cp26 6 346 3 0.6 0.0082 (0.0028) 184.5* 0.535* 0.034*
chromosome 29 14692 29 1 0.0049 (0.0001) 408.4* 0.029* 0.029*
lp54 56 979 47 0.981 0.0058 (0.0002) 38.7* 0.044* 0.042*
cp26 62 751 42 0.976 0.0115 (0.0003) 33.1* 0.047* 0.032*
North Carolina
ALL
Northeast
Wisconsin
Virginia
 
n = sample size, S = segregating sites, h = number of haplotypes, Hd = haplotype 
diversity, π = nucleotide diversity, standard deviation in parentheses, IA = Index of 
association, r̅d = standardized IA, r̅dcc = standardized IA on clone-corrected data 
* indicates P < .001  
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Table 3.2.  Recombination statistics for each  
B. burgdorferi genome segment as estimated  
in ClonalFrameML  
Genome Segment R/Ɵ δ
chromosome 0.5526 (4.6e-05) 319.8
lp54 0.3619 (2.3e-4) 26.0
cp26 1.5124 (4.4e-3) 123.6  
R/Ɵ = Ratio of recombination to mutation with  
posterior variance in parentheses, δ = the mean  
length of imported DNA fragments 
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CHAPTER 4: DISCUSSION 
 
Though miniscule, microbes have a disproportionately large impact on the earth’s 
ecosystems; they contribute to nutrient cycling in soils and in the ocean, aid in digestion, 
and some are pathogenic.  The extent microbial dispersal abilities has been debated for 
nearly a century (Finlay and Clark 1999), however, the advent of DNA sequencing 
technologies and an increasing number of population genetic studies has revealed that 
population structure is evident in many bacterial communities (O’Malley 2008).  Host-
associated microbes, in particular, are constrained by the same biogeographic barriers 
as their host species (Martiny et al. 2006).  
In pathogenic microbes, population structure arising as a result of limited gene 
flow has implications for the spread of genes and beneficial alleles by recombination 
between populations.  Recombination in bacteria can increase genetic diversity by 
introducing multiple mutations in a single recombination event (Didelot and Maiden 
2010), accelerate natural selection by efficiently combining beneficial mutations from 
different genetic backgrounds (Wiedenbeck & Cohan 2011), and disrupting Muller’s 
ratchet by allowing deleterious mutations to be purged from the genome (Vos 2009).   
In this thesis, we studied the population structure of the Lyme borreliosis 
pathogen, B. burgdorferi, and found that there is population structure between 
geographic regions and within geographic regions associated with major allele groups of 
the host associated ospC locus (oMGs).  We report that at least two, apparently clonal, 
oMGs are associated with both competent vector species in southern Virginia, 
suggesting that tick species is not a barrier to dispersal for these oMGs.  We identified 
many oMGs in Virginia and North Carolina which were not identified in the northeast.  
This may indicate that some oMGs are associated with hosts that do not travel long 
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distances (e.g. hispid rats rather than birds) or that the oMGs arrive in the northeast 
either exist in low frequencies so that we did not detect them or that they fail to establish. 
Our population genetic and phylogeographic data support that B. burgdorferi is 
structured by oMGs and within oMGs by geographic region, though this is primarily 
supported by data from oMG-A and oMG-G for which we have data from three separate 
regions.  We found evidence of recombination disrupting linkage with the ospC locus 
which indicates that clade identity is not always predicted by oMG.  Finally, we report 
finding a low effective population size, as evidenced by strong linkage disequilibrium and 
low neutral genetic diversity, in all populations studied.  
There are several models of microbial evolution which could give rise to small 
effective population sizes including differentiation of populations by ecotype (e.g. host or 
vector) followed by periodic selection, metapopulation dynamics in which isolated 
patches (e.g. host or vector) are randomly colonized by a subpopulation with occasional 
patch turnover, or genetic drift alone (Fraser et al. 2009).  Our dataset is too coarse to 
facilitate differentiation between these models, but we can postulate that different host 
species can serve as an ecotype or as an isolated patch.  Brisson and Dykhuizen (2004) 
found that B. burgdorferi oMGs were nonrandomly distributed across host species which 
lends some support to the model of period selection rather than simple genetic drift or 
metapopulations.  However, these models are not mutually exclusive.  Even with 
periodic selection driven by host-associated multiple niche polymorphism, several oMGs 
are capable of infecting each host species (Brisson and Dykhuizen 2004, Vuong et al. 
2014) which would allow for both metapopulation dynamics (among oMGs capable of 
infecting a particular host species) and patch turnover (driven by strain specific 
immunity). Future studies using computational models could potentially tease apart the 
forces driving small effective population sizes in B. burgdorferi.  
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Supplementary Material 
 
Supplementary Table S1A: Long-Range PCR primers and positions on genome segment. 
name sequence position round
lp54-1-1F 5-TCGGCAATCATATCACTCCAAGTTCCA-3 2202-2228 1
lp54-1-2F 5-ACTCCCCAAACAAATCTCTGGCTTTAA-3 2543-2571 2
lp54-1-BR 5-CAAATGCAGCTCTTGAATCGTCCTCTA-3 17237-17263 1+2
lp54-2-BF 5-TGGCTTGTACTTTTGCTTCTCTTAAGGCT-3 17095-17124 1+2
lp54-2-1R 5-GCCGGTTCTTGAAAAATCGTCAAAGTCT-3 27835-27864 1
lp54-2-2R 5-CGGGTCAATCTCTTCAAGGTTGTAAGTT-3 27141-27169 2
5-ACGAGATTACAGTAGCAATGCCCAGTATTA-3
5-ACGAGATTACAACAGCAATGCCCAGTATTA-3
lp54-3-2F 5-GTTAAAGCAAAAATTGGCGCTGATACCAA-3 26450-26478 2
lp54-3-BR 5-GTCTAATCCAGGCTCAAAGGCAGTGTT-3 34248-34274 1+2
lp54-4-2F 5-CCATGTACGATTGGGACAGCGTT-3 32425-32447 1
lp54-4-1F 5-GTATGACTACATTAATGAGCGCTGGAGTTA-3 32972-33001 2
lp54-4-BR 5-GGCGAATATGACAAAAATACGGGAGGAT-3 50423-50450 1+2
cp26-1-1F 5-CGATGGAAGGGTAGAAATTGTAGCTTTCTT-3 158-190 1
5-TTCATTTCCATGTTTTTRGGCGCAAATGCAAGAT-3 1251-1284 2
cp26-1-BR 5-CAAGACTTCATGACTGCAGAATGGACT-3 15842-15868 1+2
cp26-2-1F 5-CAGAGAGCGTTCTTAATGATAGTTCTATTCCTACAA-3 13509-13544 1
cp26-2-2F 5-GCTATTGCCATTTGGCTTTCTGTAACA-3 15516-15540 2
cp26-2-BR 5-GTTAGTCCAACTCCTACGTTTAAAAGGTGTGT-3 26724-26755 1+2
Genome segment 
(region)
plasmid cp26                
(158-15868)
plasmid lp54                      
(2543-17263)
plasmid lp54                         
(17095-27169)
plasmid lp54                     
(23309-34274)
plasmid lp54             
(32425-50450)
plasmid cp26          
(16509-26755)
lp54-3-1F 23309-23338 1
 
* primer lp54-3-1F contains a two-nucleotide inversion, we mixed these two primers for  
  each reaction  
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Supplementary Table S1B:   
Thermal Cycling conditions  
for LR-PCR 
 
Touch Down PCR thermal cycling 
conditions for LR-PCR
Step 01: 98°C  2min
Step 02: 98°C  10sec
Step 03: 72°C* 15sec  -1°C/cycle
Step 04: 72°C  15min
Step 05: go to step 2, repeat 6X
Step 06: 98°C  10sec
Step 07: 65°C  15sec
Step 08: 72°C  15min
Step 09: go to step 6, repeat 24X
Step 10: 4°C  hold  
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